The fusion of deuterium (D) with tritium (T) is the most promising of the reactions that could power the thermonuclear reactors of the future. Already favored for its low activation energy and high yield, it may lead to even more efficient energy generation if obtained in a polarized state, i.e. with the spin of the reactants aligned. While the DT fusion rate has been measured extensively, very little is known of the effects of polarization. Meanwhile, arriving at a fundamental understanding of the fusion process in terms of the laws of quantum mechanics and the underlying theory of the strong force has been a daunting challenge. We use nuclear forces derived from chiral effective field theory and apply the ab initio reaction method known as no-core shell model with continuum to predict for the first time the enhancement factor of the polarized DT fusion rate and anisotropy of the emitted neutron and α particle.
Article
Thermonuclear reaction rates of light nuclei are critical to nuclear science applications ranging from the modeling of big-bang nucleosynthesis and the early phases of stellar burning to the exploration of nuclear fusion as a terrestrial source of energy. The low-energy regime (tens to hundreds of keV) typical of nucleosynthesis and fusion plasmas is challenging to probe due to low counting rates and the screening effect of electrons, which in a laboratory are bound to the reacting nuclei. A predictive understanding of thermonuclear reactions is therefore needed alongside experiments to achieve the accuracy and/or provide part of the nuclear data required by these applications. An emblematic example is the fusion of deuterium (D) with tritium ( 3 H or T) nuclei to generate an 4 He nucleus (-particle), a neutron and 17.6 MeV of energy released in the form of kinetic energy of the products. This reaction, used at facilities such as ITER 1 and NIF 2 in the pursuit of sustained fusion-energy production, is characterized by a pronounced resonance at 65 keV of excitation energy due to the formation of the = 3 2 ⁄ + resonance of the unbound 5 He nucleus. Fifty years ago, it was estimated 3 that, in the ideal scenario in which the spins of the reactants are perfectly aligned in a total-spin 3 2 ⁄ configuration and assuming that the reaction is isotropic, one could achieve an enhancement of the cross section by a factor of = 1.5, thus improving the economics of fusion energy generation 4 . However, the enhancement factor of such polarized fusion in a realistic setting (with D and T spins only partially aligned) has never been measured 5 .
More generally, what little is known about the properties of the polarized DT fusion was inferred from measurements of the D 3 He reaction 6 . We report on ab initio predictions for the polarized DT fusion using validated nuclear interactions derived in the framework of chiral effective field theory (EFT) 7, 8 .
The DT fusion is a primary example of a thermonuclear reaction in which the conversion of two lighter elements to a heavier one occurs through the transfer of a nucleon from the projectile (D) to the target (T). Despite the fairly small number of nucleons involved in this process, arriving at a comprehensive understanding -in terms of the laws of quantum mechanics and the underlying theory of the strong force (quantum chromodynamics) -of the interweaving of nuclear shell structure and reaction dynamics giving rise to the DT fusion already represents a formidable challenge for nuclear theory. We work in the framework of chiral effective field theory (EFT), a powerful tool that enables the organization of the interactions among protons and neutrons in a systematically improvable expansion linked to the fundamental theory of quantum chromodynamics. Specifically, we start from a fivenucleon Hamiltonian including nucleon-nucleon (NN) 9 and three-nucleon (3N) 10, 11 interactions at the fourth and third order of chiral EFT, respectively. We then solve the quantum-mechanical five-nucleon problem using the no-core shell model with continuum (NCSMC) 12 . The wave function is obtained by combining conventional static solutions for the aggregate 5 He system 13 with continuous 'microscopic-cluster' states made of D+T and n+ 4 He pairs in relative motion with respect to each other 14, 15 . This enables a fully integrated description of the reaction in the incoming (outgoing) channel, where the reactants (products) are far apart, as well as when all five nucleons are close together.
Arriving at a precise description of the DT fusion is not a simple task. In a previous work, for technical reasons we were not able to obtain results of comparable fidelity due to the omission of the 3N force 16 . Numerous studies have shown that this component of the nuclear interaction is essential for the reproduction of single-particle properties 15, 19 , masses 20, 21, 22 and spin properties 15, 23 , all impactful in the present case. Besides the addition of the 3N force, another crucial advance of the present versus our previous work lies in the accurate description of the 3 2 ⁄ + resonance as a correlated, localized system of five nucleons by means of the extension of the model space to include static 5 He eigenstates. The formation of this rather long-lived resonance as five-nucleon correlations built up during the fusion process is integral to the reaction mechanism, enhancing the computed cross section by an order of magnitude. Finally, the effect of the continuum of the D projectile, lying only at 2.224 MeV above the reaction threshold, is addressed with a discretization of the positive energy states of the two-nucleon system. We begin our study with a validation of our ab initio reaction model on existing nuclear data [24] [25] [26] [27] [28] . A crucial component for the prediction of the polarized DT fusion is the weight of the swave 3 2 ⁄ + component of the D+T wave function. In Figure 1 (a), we review the agreement of our computed astrophysical S-factor to established measurements. The S-factor isolates the nuclear dynamics by factoring out the Coulomb component of the cross section. The experimental peak at the center-of-mass (c.m.) energy of c.m. = 49.7 keV corresponds to the enhancement from the 3 2 ⁄ + resonance of 5 He. We underpredict by 15% the experiment (green dashed line versus red circles), an outcome that can be traced back to the overestimation of the 3 2 ⁄ + resonance centroid by a few keV, stemming from residual inaccuracies of the nuclear interaction 15 . To overcome this issue and arrive at an accurate evaluation of polarized DT reaction observables, we apply a phenomenological correction of 5 keV to the position of the resonance centroid [see Extended Data Table I ], achieving a remarkable agreement with the experimental S-factor over a wide range of energies (blue line). Having established that we reproduce reaction data averaged over the scattering angle in the center of mass frame ( . . ), we turn to the angular distribution. In Figure 1 One of the assumption used to estimate the 50% enhancement of the cross section for polarized DT fuel (with perfectly aligned D and T spins) is that the reaction proceeds entirely through an s-wave of relative motion, i.e. with an orbital relative angular momentum of the D+T pair ℓ = 0. Therefore, the study of the anisotropy in the emission of the reaction products stands as a first stringent test of this estimate. To this end, we investigated the deviations from unity of the angular differential cross section divided by the reaction cross section, as done before in the experiment of ref. 30 . In Extended Data Figure 6 we compare our results to available data around the fusion peak. It is worth noting that deviations from unity are found in the fourth decimal place. The overall good reproduction of the data gives strong evidence of the highquality of the computed collision matrix.
Having validated our calculation on precision measurements of unpolarized DT fusion, we now turn to the fusion of polarized DT fuel. With the reaction kinematics depicted in Figure 2 (a), the reactants are prepared in a state of spin aligned along the z axis. The z axis is a cylindrical axis of symmetry for observables averaged over the c.m. scattering angle ( . . ). Thus such observables only depend on the incident angle of the deuterium in the c.m. frame ( ). At the same time, as the reaction proceeds almost entirely via an incoming s-wave, the dependence on is negligible. The tritium has a spin of 1 2 ⁄ , consequently its initial spin state is fully characterized by the Cartesian spin projection onto the axis of quantization (z axis), . On the other hand, the deuterium is a spin 1 particle. Therefore, besides the equivalent projection, an extra tensor value ( ) is required to fully specify the spin state of the D beam. For our polarized result, we chose typical values of vector and tensor polarization of the deuterium ( , ) and tritium ( ) that can be readily obtained in the laboratory, that is , = 0.8 and = ±0.8, respectively. The polarized cross section is a linear combination of the beam spin attributes and is cast in Cartesian coordinates as 31 :
where, is the tensor analyzing power and the spin correlation coefficient. In general, these quantities can be measured in a laboratory by analyzing the differences with respect to the unpolarized cross section when the deuterium beam has a spin tensor moment and both projectile and target spins have, on average, a direction. In the energy region relevant for thermonuclear fusion, the tensor analyzing power has been measured only at . . = 0°and an energy of 0.24 +0.18 −0.9 MeV 32 . Our computed result (−0.975) agrees well with experiment (−0.929 ± 0.014) [see also Extended Data Figure 8 ]. However, the angular distribution for all angles and in a wide range of energies is required for the computation of the fusion reaction The incident deuterium energy is 100 keV. The angle stands for the c.m., laboratory neutron-scattering and laboratory 4 Herecoil angles, respectively. Also shown as a reference is the unpolarized cross section in the c.m. frame (blue dashed lines).
rate, shown in Figure 2 (b). This quantity, which is a measure of how rapidly the reaction occurs, is an important input in astrophysics and plasma simulations. As usually done, in computing the DT reaction rate we assumed that the reactants' speeds follow a Maxwellian distribution.
As a validation, we compare our unpolarized results to the parametrization of ref. 33 and find that they agree well even at energies above the region of confidence of the parametrization. The polarized reaction rate shows the same shape, albeit globally enhanced by a factor of ≅ 1.32.
It is interesting to note that, compared to the unpolarized case, the temperature for which the apex of the reaction rate is reached is shifted down from 65 keV to less than 30 keV. As a naive illustration, this means that by using polarized DT fuel the output of a standard fusion reactor could either be enhanced by 32% or its operational temperature decreased by as much as 45%.
A more comprehensive discussion of the economics of using polarized fuel in the case of inertial confinement fusion can be found in ref. 4 . However, while so far only the ideal scenario of an enhancement factor of = 1.5 has been considered, here we compute for any initial spin state. As shown in Figure 2 (c), the ab initio calculation recovers and confirms the ideal enhancement factor for = 1.0. We note that is nearly independent from the value of , indicating that the analyzing power of the deuterium does not play any role in the enhancement of the cross section. It is, however, the main driver of the shape of the polarized angular distribution, shown in Figure 3 . Such anisotropy of the angular differential cross section is highly sought after because it can be used to force the emitted neutrons and to be two to five times more focused towards the reactor blanket [ Figure 3 (a) and 3(c)], which collects the energy released, than along the polarization axis, or twice the exact opposite [see Figure 3 (b)]. That is, the reaction products are more focused along the magnetic field. The former conditions can be achieved using only polarized deuterium or fully polarized DT fuel. The latter is obtained in the situation where the D and T spins are anti-aligned, leading to a reduction of the cross-section of up to a factor of 0.5, as illustrated in Figure 2 (c).
In summary, we presented ab initio predictions for the polarized DT fusion and show that an enhancement factor of 1.32 can be expected for the yield in a realistic setting in which the D and T spins are only partially aligned. We have obtained all reaction observables within the nocore shell model with continuum approach, using modern chiral EFT two-and three-nucleon forces, and achieved a satisfactory description of the unpolarized data. These results also endorse the application of the present approach to the evaluation of the polarized DD fusion, where the non-resonant character of the reaction prevents even a simple estimate of the enhancement factor in the ideal scenario of perfect spin-alignment of the reactants.
Methods
No-Core Shell Model with Continuum Our approach to the description of the DT fusion reaction is the ab initio no-core shell model with continuum (NCSMC) introduced in ref. 12 and applied to nucleon [17] [18] [19] , deuterium 34 , tritium and 3 He induced reactions 35 and the threecluster continuum dynamics of the Borromean 6 He nucleus 36 . Presently, it is the only ab initio reaction method capable to efficiently describe complex light-nuclei reactions and in particular transfer reactions, though a complementary approach based on lattice effective field theory offers a more efficient avenue to the calculation of scattering and reactions induced by α particles 37 .
The approach starts from the wave functions of each of the colliding nuclei and of the aggregate system, obtained within the ab initio no-core shell model (NCSM) 13 by working in a manybody harmonic oscillator (HO) basis. This is a configuration interaction method in which all nucleons are treated as active degrees of freedom and the model space includes all possible excitations of the system up to a maximum of max quanta above the minimum-energy configuration. It then uses the NCSM static solutions for the aggregate system and continuous 'microscopic-cluster' states, made of pairs of nuclei in relative motion with respect to each other, as an over-complete basis to describe the full dynamical solution of the system. That is, the ansatz for the five-nucleon (A = 5) wave function takes the form of a generalized cluster expansion (here specifically shown for the present case of a 5 He aggregate system):
where , and denote respectively total angular momentum, parity and isospin quantum numbers. The first term on the right-hand side of the equation is an expansion over the discrete energy-eigenstates of the 5 He nucleus (indexed by λ) obtained within the NCSM method to incorporate the physics of the five nucleons in close contact. The second term is tailored to tackle the scattering and long-range clustering of the system. The index = { TD , αn } runs over the reaction channels, defined by the mass partition (D+T and n+ 4 He, respectively) and the quantum numbers characterizing the reacting bodies and their relative motion. The continuum basis states Φ are antisymmetrized by the operator ̂, and, in the case of the present binary collision, read: (Expressions in parenthesis denote angular momentum coupling.) The discrete coefficients and continuous amplitudes of relative motion ( ) are obtained by solving the generalized eigenvalue problem derived from representing the non-relativistic Bloch-Schrödinger equation in the model space spanned by the discrete and continuum basis states of the NCSMC. The scattering matrix -and from it all reaction observables -are finally obtained by matching these solutions with the known asymptotic behavior of the wave function at = 18 fm, using the coupled-channel R-matrix method on a Lagrange mesh 38,39 . Reaction rate and polarized observable Tensor analyzing powers were obtained from the components of the computed S-matrix using the formalism of the density matrix. As benchmarks, we verified that (under the condition of an unpolarized target) we could reproduce the beam analyzing powers derived and computed independently. More information on polarization in nuclear physics can be found in ref. 31 .
The DT fusion reaction rate was computed from the formula
where the constant is the reduced mass of the reacting nuclei (D and T), and are respectively the Botzmann constant and the temperature, ( ) stands for the S-factor and the constant is given by 2 ( 1 2 2 ) 2 ℏ 2 ⁄ .
Details of the calculations
We start from a five-nucleon Hamiltonian including NN 9 and 3N 10, 11 interactions at the fourth and third order of chiral EFT, respectively, with a 500 MeV cutoff. This interaction is then softened by the means of the similarity renormalization group (SRG) technique to a resolution scale of Λ SRG = 1.7 fm −1 , enabling good convergence properties within the currently largest HO basis size achievable. The computational challenges of the present work limited such a basis size to a maximum number of HO excitations of max = 11. For the HO frequency, we chose the value of ℏ = 16 MeV, which was found to speed up the convergence rate with respect to max .
Besides the size of the HO model space, the convergence properties of the present calculations are also affected by the number of discrete eigenstates of the =2-, 3-, 4-and 5-nucleon systems used to construct the NCSMC trial wave function. We included the first fourteen discrete energy-eigenstates of the 5 He system (two 4 He nuclei. The close vicinity of the energy continuum of the deuterium, only bound by 2.224 MeV, leads to distortion effects the description of which necessitates the inclusion of positive-energy eigenstates 16, 34 . Analogous distortion effects are less pronounced in the more bound triton and α particles, and are efficiently addressed indirectly through the inclusion of the eigenstates of the aggregate 5 He system 15, 17 .
A particular challenge in the presence of 3N forces is the dependence on the parameter 3max . This embodies the size of the three-nucleon single-particle HO basis used to represent the 3N interaction. For technical reasons, the largest 3max value computationally achievable is currently of 17 HO quanta. High energy 3N force components of the NCSMC Hamiltonian can be slowly converging as a function of this parameter. Since they represent a small perturbation with respect to the NN contribution, we omit them for basis states at the boundary of the model space.
Convergence of the calculations Achieving convergence with respect to the number of eigenstates of the aggregate 5 He system is straightforward. All eigenstates in a large range of energies around the region of interest for the DT fusion can be effortlessly included. The second 3 2 ⁄ + eigenstate is exceptionally impactful. This can be clearly seen in Extended Data Figure 1 by comparing the S-factor (dominated by the 3 2 ⁄ + component of the wave function) computed within the full NCSMC model space with the results obtained within the cluster basis alone. Evidently, the configuration where all five nucleons are in close contact plays an essential role.
Extended Data Figure 1 also shows the somewhat slow but steady convergence pattern of the S-factor with respect to the number (in order of increasing energy) of positive-energy eigenstates of the D projectile included in addition to the (negative-energy) ground state. We used the notation d and d* for the eigenstates in the 1 3 -1 3 and 2 3 channels of 2 H, respectively. Since the number of available positive-energy eigenstates of the D projectile depends on the HO basis size (higher max means more states to discretize the 2 H continuum), it is instructive to compare this figure with the convergence in (Extended Data Figure 2 ). The agreement between the max = 9 and 11 calculations (both including the maximum number of available deuteron states) is quite good.
It should be noted that the S-factor is extremely sensitive to changes in the position of the 3 2 ⁄ + resonance, acting as a magnifying glass. For example, the 35 keV shift to lower energies in the resonance position between the results obtained within the cluster basis alone and the full NCMC model space (see Extended Data Table 1 ) results in about one order of magnitude increase of the S-factor amplitude. In comparison, the positive-energy eigenstates of the D projectile contribute a shift of 10 keV (15 keV) in the 3 2 ⁄ + resonance centroid when the eigenstates of the aggregate 5 He system are (are not) included in the model space. This suggests that there is a strong similarity between some cluster basis states built from the discretization of the D energy continuum and some static solutions of the 5 He aggregate. In this contest, it becomes also clear that the fine-tuning of the 3 2 ⁄ + resonance centroid required to accurately reproduce the experimental S-factor is extremely challenging, given remaining inaccuracies of the adopted chiral interactions for p-shell nuclei. For this reason, we opted for a phenomenological fine tuning as it will be explained in the next section. We can see that the agreement is excellent. The fast convergence rate achieved within the present choice of parameters is even more manifest when analyzing the dependence on max of the 5 He 3 2 ⁄ + eigenenergy computed within the NCSM. This is illustrated in Extended Data Table 2 , where we show the difference between the computed eigenenergy at a given max relative to the extrapolated energy at max ⟶ ∞. The frequency closer to the major HO shell splitting performs much better. At max = 11 the relative difference goes down from 25.68% at ℏ = 20 MeV, SRG = 2.0 fm −1 to 8.41% at ℏ = 16 MeV, SRG = 1.7 fm −1 , more than a factor two.
Reaction mechanism Having highlighted the importance of the 3 2 ⁄ 2 sub-shell for an accurate description of the DT fusion reaction, it should be pointed out that remaining inaccuracies in the chiral Hamiltonian prevent an accurate (of the order of less than a few keV) reproduction of the sub p-shell levels. This was already observed for the 5 He system in ref. 15 particularly in Figure 16 , which illustrates the residual imprecisions for the reproduction of p-shell spectroscopy. It is then not surprising that the DT fusion S-factor is not perfectly reproduced. To address this difficulty, we have applied a phenomenological correction to the position of the 3 2 ⁄ + resonance centroid (of a few keV) while continuing to predict all other characteristics of the scattering matrix within the ab initio method. In practice, we achieve this by fine-tuning the NCSM eigenenergy of the 3 2 ⁄ + 5 He state that serves as one of the inputs for the NCSMC. We refer to the modified calculation as NCSMC-pheno. In Extended Data Table 1 , we show the 3 2 ⁄ + resonance properties extracted from the DT eigen-phaseshifts obtained within the cluster basis alone, the full NCSMC, and the NCSMC-pheno; S-matrix pole obtained from an R-matrix analysis of data are also shown as a reference 42 . The phenomenological correction brought by the NCSMC-pheno to reproduce the S-factor is of 5 keV. The position of the DT resonance is in good agreement with the centroid derived from the R-matrix analysis but the width is almost four time the phenomelogical reference value. This may be a consequence of the rather different reaction mechanisms emerging from our ab initio approach and the R-matrix analysis, where the n- 4 He 3 2 ⁄ 2 partial wave presents a sharp resonance.
In Extended Data Figure 5 , we focus on the phase shifts responsible for the enhancement of the fusion cross section, namely the -H ⁄ partial waves belonging, respectively, to the entrance and exit channels of the reaction. The influence of the deuterium continuum is clear. We find a similar behavior to that first discussed in the more limited work of ref. 16 , that is a resonant behavior in the -H ⁄ sub p-shell levels has become evident in the last decade 41, 43 . This (and the use of the SRG procedure to accelerate the convergence) makes 3N forces essential to this work. Figure 6 , we compare our calculated angular distribution to experiment. Discrepancies from a pure S-wave behavior favored by the strong incoming -H ⁄ partial wave are revealed by deviations from unity. Particularly, p-waves are responsible for the oblique slope and d-waves for the making of a bump at 90°. Overall, we find good agreement with experiment once the centroids of the 3 2 ⁄ + is correctly located.
Further comparison to experiments In Extended Data
As discussed, our approach is presently valid up to the threshold of the dissociation of the deuterium projectile or 2.224 MeV. Above such energy, it represents an approximation. Nevertheless, in Extended Data Figure 7 and 8 we present a comparison with higher-energy data for the angular differential cross section and tensor analyzing power, respectively. At the deuteron energy of 2.2 MeV and above, the ab initio angular differential cross section systematically underestimates the data 28, [45] [46] [47] [48] , though the shape of the angular distribution is qualitatively reproduced. The tensor analyzing power (presented in Extended Data Figure 8 ), which is inversely proportional to the differential cross section, further magnifies the difference between theory and experiment. At the origin of this discrepancy are higher-energy 5 He resonances (known experimentally and in evaluations 44 ) that come into play a few MeV above the peak-energy of the DT fusion, due to the population of the nearby given remaining inaccuracies of the adopted chiral Hamiltonian in reproducing the p-subshell ordering that affects the underlying phase shifts, these resonances are not reproduced with the required level of accuracy (within ~10 keV). We note that this only affects the cross section at higher energies. In particular, around the energy of interest for fusion applications (~100 keV), the tensor analyzing power is in good agreement with experiment.
